Switchgrass (Panicum virgatum L.) is being evaluated for both forage and bioenergy in the Great Plains of the USA. Management strategies to improve switchgrass seedling vigor and emergence may result in more successful switchgrass stands due to better competitive advantage for switchgrass seedlings over weedy species. The objectives of this field experiment were to determine the effects of seven broad-spectrum fungicide and insecticide seed treatments on the establishment and yield of lowland type 'EG1101' switchgrass. The combination of fungicide + insecticide (regardless of formulation) tended to result in taller seedlings and greater seedling densities and stands of switchgrass as compared to untreated control (UTC), fungicide only, and insecticide only. These advantages didn't result in greater switchgrass dry matter (DM) yield, probably due to adequate stands (>1-2 plants per ft 2 ) that were achieved by all fungicide -insecticide seed treatments including UTC. However, given the relatively small cost per acre of seed treatments, there may be early-season benefits to treating seeds with a broad-spectrum insecticide as an insurance measure to increase switchgrass seedling vigor and reduce the chance of stand failure, especially when used with a proven weed management program.
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SWITCHGRASS

S
witchgrass is a warm-season perennial grass that is native to the United States east of the Rocky Mountains and south of 55¢ N latitude, and is being evaluated for forage and bioenergy in the southern Great Plains. However, successful germination and establishment of switchgrass stands can be hindered by soil temperature and pH (Hanson and Johnson, 2005) , slow seedling growth, seed dormancy, planting depth (Berti and Johnson, 2013) , seed size (Aiken and Springer, 1995; Smart and Moser, 1999) , and, most commonly, competition by weeds.
Management strategies such as herbicide application to control weeds during switchgrass establishment have been shown to improve switchgrass stands by reducing weed competition (Curran et al., 2011; Masters et al., 1996; Mitchell et al., 2010) . Wolf et al. (1989) reported applications of the insecticide carbofuran (2,3-dihydro-2,2-dimethyl-7-benzofuranyl methylcarbamate) at time of no-till seeding and of the herbicide atrazine (2-chloro-4 ethylamino-6-isopropylamino-s-triazine) post-emergence increased switchgrass seedling density and vigor as well as biomass yield compared to the UTC. McKenna and Wolf (1990) also reported greater switchgrass seedlings with carbofuran application than the UTC (33 and 18.5 per ft 2 , respectively, averaged across 2 years). Pre-emergence application of a mixture of atrazine and quinclorac (3,7-dichloro-8-quinolinecarboxylic acid) in the Central and Northern Great Plains controlled weeds and promoted switchgrass establishment without negatively affecting the switchgrass (Mitchell et al., 2010) . However, Kering et al. (2013) Other management strategies to improve switchgrass seedling vigor and emergence may also result in more favorable switchgrass stands due to better competitive advantage for switchgrass seedlings over weedy species. Treating switchgrass seeds with particulate solid matric materials, aeration, and water (solid matrix priming) has been shown to increase seedling emergence in wet soil (Beckman et al., 1993) . Research has also been conducted to identify rapidly germinating and cold-and heat-tolerant switchgrass genotypes for potential use in breeding programs (Seepaul et al., 2011) .
Once planted, switchgrass seeds may suffer damage by insects or fungi, thereby reducing the potential stand. Treating switchgrass seeds with broad-spectrum fungicides and insecticides before planting may reduce the incidence of seed damage by insects and fungi and may provide insurance for successful stand production. However, we are unaware of published research on the advantages of switchgrass fungicide and insecticide seed treatments on stand establishment and yield. Therefore, the objectives of this field study were to determine the effects of broadspectrum fungicide and insecticide seed treatments on the establishment and DM yield of lowland-type EG1101 switchgrass in an attempt to improve switchgrass seedling vigor and competitive advantage.
SITES, SEED TREATMENTS, AND DATA COLLECTION AND ANALYSIS
During the 2011 and 2012 growing seasons, a randomized complete block design experiment evaluating seven broad-spectrum switchgrass fungicide and insecticide seed treatments in six replications was conducted at Ardmore, OK and Burneyville, OK. Locations and site characteristics are described in Table 1 . Soils at all sites were fertilized with P and K according to soils tests.
Before planting each year, seeds of lowland type EG1101 switchgrass were treated with one of seven fungicide-insecticide treatments, rates, and classes listed in Table 2 (dimethylamine salt of 2,4-dichloro-phenoxyacetic acid), and 0.5% v/v methylated seed oil surfactant were applied to plots for weed control. Seedling density was measured at 30 and 60 days after planting (DAP), seedling height at 60 and 90 DAP, and stand percent at 60, 90, and 150 DAP. Seedling density was measured by counting the number of seedlings in a 1 ft 2 quadrat placed on the ground over a drill row and taken from two randomly selected locations per plot and averaged. Seedling height was considered to be the average unextended leaf height of the plant, and was comprised of the average of five randomly selected plants per plot. Stand percent was measured by placing an 11 ft 2 quadrat divided into 100 4 by 4 inch squares on the ground in a representative area of each plot and counting the number of squares that contained live, rooted plants. Biomass yield was measured once per year in December (post-frost) by mechanically clipping the whole plot with a Hege forage plot harvester (Colwich, KS) to a 4-inch stubble height and collecting the wet weight. Subsamples of each plot were taken and wet weights obtained. Subsamples were dried in a forced draft oven set at 120°F for more than 72 h to produce a constant weight and weighed. The percent DM of the subsamples was calculated and applied to the appropriate whole plot wet weights to determine whole plot biomass DM yield.
Data on seedling density, seedling height, stand percent, and biomass yield were subjected to analysis of variance using PROC MIXED (SAS Institute, 2002) . Before analysis, stand percent was transformed using an arcsine square-root transformation to meet statistical assumptions. The transformed percentage was used only for statistical testing purposes, and was backtransformed for data presentation. Fungicide -insecticide seed treatment, DAP, and their interaction were considered fixed effects, while planting year, location, and replicate were considered random effects to make inferences across years and locations with different environmental and edaphic conditions. Significance (variable) . All treatments, including the untreated control, included 0.6 fl oz/100 lb of Pro-Ized red liquid seed colorant. Seeding rate was 4 lb PLS/acre (5 lb/acre bulk seed at 80% PLS).
was determined at P £ 0.05. The PDIFF function of the LSMEANS procedure was used to compare means. For responses measured multiple times per year, DAP was treated as a repeated measure with compound symmetry covariance structure.
SEEDLING DENSITY AND HEIGHT, STAND, AND BIOMASS YIELD
Rainfall (measured at Ardmore and Burneyville Mesonet sites) was below the 30-year average for most of the growing season in 2011 at both locations, while rainfall amounts were generally more typical of the 30-year average early in the growing season at both locations in 2012 (Table 3) . Both sites received critical rainfall during the establishment period (May 2011 or early June 2012), which favored switchgrass establishment.
There was no DAP x seed treatment interaction for any response measured, so results will be presented for main effects only. Seedling density was greater than expected, ranging from 6.3 to 11 seedlings per ft 2 . These seedling densities were greater than the recommended 1 to 2 plants per ft 2 necessary to obtain productive stands of native tall grasses in the Great Plains (Cornelius, 1944; Launchbaugh and Owensby, 1970; Beckman et al., 1993) . This favorable establishment could be attributed to improved seed quality of the improved cultivar, use of best management practices of optimal planting date, seeding rate, row spacing, and weed control during establishment, and most importantly, sufficient rainfall during the establishment period.
Seedling density was affected by days after planting (P < 0.01) and fungicide -insecticide seed treatment (P < 0.01). There were more switchgrass seedlings present at 30 than 60 DAP (11.1 and 6.8 seedlings per Table 4 . Switchgrass seedling height and density, stand, and December dry matter yield as affected by fungicide and insecticide seed treatments in Ardmore and Burneyville, OK. Seedling height and density data are means across two evaluation dates, six replicates, and 2 yr (n = 24). Stand data are means across three evaluation dates, six replicates, and 2 yr (n = 36). Yield data are means across six replicates and 2 yr (n = 12). ft 2 , respectively), which was possibly a result of selfthinning of the stand between 30 and 60 DAP. Marietta and Britton (1989) (Table 4) , which suggests there was a synergistic response with fungicide plus insecticide. This synergy is difficult to explain and has not been reported elsewhere in the literature. Ehrenreich (1958) reported that switchgrass seeds treated with the fungicides Arasan (currently labeled as Thiram; tetramethylthiuram disulfide), Dithane Z-78 (no longer registered in the U.S.; zinc ethylenebisdithiocarbamate), and Orthocide 75 (currently labeled as Captan; n-trichloromethylthio-4-cyclohexene-1,2-dicarboximide) exhibited greater emergence and establishment than the untreated check. However, Wolf et al. (1989) reported the insecticide carbofuran applied at seeding as either granules or spray at 1 lb per acre increased 'Pathfinder' switchgrass seedling density and vigor compared with the untreated control. Fike et al. (2014) speculate that coating switchgrass seeds with fungicide increase seedling emergence in humid climates.
------------------------------------------inches -------------------------------------------
Seedling height was affected by DAP (P < 0.01) and fungicide-insecticide seed treatment (P = 0.01). As to be expected with greater maturity, seedlings were taller at 90 than 50 DAP (15.4 and 8.0 inches, respectively). The combination of fungicide + insecticide treatments were similar to the insecticide-only treatment (average 12.3 inches) but had taller switchgrass seedlings compared to UTC and fungicide alone (average 10.8 inches) (Table 4) .
Stand percent was affected by DAP (P < 0.01) and fungicide-insecticide seed treatment (P = 0.01). As to be expected with greater maturity, switchgrass stands followed the relationship of 150 > 90 > 50 DAP (76, 68, and 58% stand, respectively) . Combination of fungicide + insecticide resulted in greater switchgrass stand percent than UTC, and both rates of Proceed MD + Gaucho 600 fungicide + insecticide resulted in greater stand percent than Gaucho 600, Proceed MD, and UTC (Table 4 ), indicating that fungicide alone offered little benefit to stand percent. Switchgrass stands ³50% are considered to be successful, while stands between 25 and 50% are considered to be marginal to acceptable, and stands <25% are considered unacceptable (Launchbaugh and Owensby, 1970; Vogel and Masters, 2001 ). All seed treatments including UTC resulted in >50% stands, which would be considered successful by the previously defined standards, and were within the ³40% stand frequency that is considered an establishment year threshold for switchgrass grown for bioenergy in the northern Great Plains (Schmer et al., 2006) .
While beneficial relationships were generally observed in seedling density and height and stand percent with the addition of any combination of fungicide and insecticide, there was no difference with respect to switchgrass yield (P = 0.15). This lack of yield response is similar to reported results in which greater seeding rates of switchgrass resulted in greater establishment-year stands but no differences in yield, which was attributed to adequate stands (1-2 plants per ft 2 ) achieved by all seeding rates (Vogel, 1987) .
While UTC treatment incurred no additional costs over the purchase of the seeds, costs of fungicide and insecticide seed treatments, which included coating labor costs, round-trip shipping (Oklahoma to Iowa), and chemical prices, were relatively small, ranging from $7.18 to $7.88/acre for Proceed MD and Proceed MD + Poncho 600, respectively (Table 2 ). Costs will vary due to the availability and shipping distance of coating facilities, coating labor costs, and current chemical prices.
IMPLICATIONS FOR PRODUCERS
During the early stage of switchgrass stand establishment, broad-spectrum fungicide + insecticide seed treatments provided benefit to seedlings in terms of greater seedling density and height and stand percent compared with the untreated seeds, which should have given switchgrass a competitive advantage over weedy species. By the time of the first harvest post-frost, these benefits were not as apparent as DM yields were similar across all seed treatments. However, given the relatively small cost associated with seed treatment, there may be earlyseason benefits to treating seeds with a broad-spectrum insecticide as an added insurance to increase switchgrass seedling vigor and reduce the chance of stand failure, especially when used in conjunction with a proven weed management program.
